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Abstract 



•t ?* 



/» «e f&rzgn of a MgHpirformahce choking tower fill, hidnyd^^^aiures must be considered 
to produce optimum performance. 77iwjtt^M'^^w^Gji^^^|i^ arid detail the affect 
of the following items on fUl perforin^ offset-flute, vertical 

flute); Cross-flute angle, Mcrostructute (s^rota7de^noi^0^ffk (PVC & polypropylene) ; 
Module depth (12 " layers vs. 24" layers); Tip design {aWnM^^^§ straight tips). 



i\ r ' . 



77te data reported in the paper will be collected utilizing asi^[ff^art laboratory counter/low 
test cell 




Introduction 



Film fills have been used in the design of cooling towers from the very beginning of cooling 
tower construction. The precursor to modem plastic fills was any thin flat material used in 
common construction such as wooden planks laid as inclined platforms (figure 1) or oriented on 
edge (figure 2). Galvanized steel was also used These materials were not rot or corrosion" 
resistant and would need replacement only after a few years in sempe^ 1^ tracks were 



used to extend life but were heavy and required strong struc 
cost. 



which added 
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Figure 1. Early form of film fill. 
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wooden boards stacked in debp sections film fill; 

tips. 
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Tlire«-c«ritr MUw brick ' " 

Figure 3. Ceramic brick film fill circa 1949. v 
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Figure 4. Corrugated asbestos cement 
board film fill. 



An improvement over these designs as early as 1 93 6 used corrugated plates of asbestos cement 
board (ACB) in deep fill sections (figure 4). The* ictea p| wmbining corrugated and flat sheets 
together was developed by Carl Munters and patent^ irt 1957. In his patent,; Carl Muhters 
envisioned the flute heights to be "l-7mm or even more". In 1963 Arthur Kqhl and Alfred Fuller 
of Huor Products Company were granted a patent on a *pack' where all sheets were corrugated 
(although vertically) thereby maximizing the heat transfer ^fade'area (B^!^i^ : Tbik^i^ 
showed a significant development in that the inventors stated that 'it has b(^n jfound that the :: x 
rioMif^>3^ to 1" (^giire 5). TMsp^^^l^^f ^ 

essential feet that small flute (hametersj^thbtigh having ver/high TTI^aA^r^f Inp^d 
due to the very high-pressure drop. 
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Figure 5; fluor's "film pack", first use of fully codfl| 



ft wasn't until .the J^^^pf tte cross-fluted design by S, Bredberg pa| 




fltite ^gle \^ not specific in the pa^ 
experimenters tested packs with flute angles of 20°, 30° & 40° 

on 30°. It is also interesting to no 
use in crossflo w applications. 
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sections weje " 



to find the bestfilll 
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J ^S&im^&^te was one of practicaUty since the flat sheets tended to warn when > 
wetteti - PacJ^; n^e ,^1^ pqn^ sheets had many advantages: -"' r ' 

• They would be strong by the very nature of their shape, so lightweight and 
inexpensive materials could be used in their construction. 

• The corrugations would be easy to shape. 

• Packs would be easily constructed. 
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The design objective of a fill designer is to produce a product with the highest possible heat 
transfer potential, the least amount of air-side pressure loss, using the best material available and 
by the simplest manufacturing method For the highest possible heat transfer, the packing must 
maximize its surface potential by allowing complete wetting and provide maximum air-water 
• contact For the lowest possible airside pressure loss the cooling must occur while minimizing 
. j&Q. mechanical energy lost by the air. The best available material will allow the fill to be 
c^h^letely compa^We.with all potential cooling tower water and water treatment chemicals, 
<x>rro$ion ^sis^^ami ^t|Kiant, lightweight, and low cost The simplest method of 
manufactu^^^^^^^^product to be made with high productivity, low waste, and of 



fx. 



wither 




mm*. 



m g§ -0 a suitable material for film fill, designers have complete 
jig possibilities to extract the most out of every square inch (or 
material for the film fills surface. 



||jjpinrdepth examination of the features of cross-fluted film fills and their 
i^niance and pressure loss by the systematic variation of each design 1 
g|ppd Will be the relative performance of each flute type based on testing of 
^samples. 



Specific features investigated: 

Mcrostructure type (step, rounded, none) 

• Flute type (cross-flute, offset-flute, vertical-flute) 

• Flute angle (30°, 3 1°, 34°) 

• Tip desigi (Mteiniaie vs. straight) r * 

• Module depth (12 ? * vs. 24") 

• Materials of construction (PVC vs. polypropylene) & affect of aging * 

"... j-;. •* 

Packs representing each feature variation were created and tested to produce curves of thermal 
p^olmance iri the form of KaV/L vs. U($> and cariespbnding pressure loss ^curves in the form 
df fressiite drop vs. air velocity. Although' important to the tower dfesigneri direct cbmpiarisons 
ana raricfeiohs are difficult to reach by use of these ciirVes aloixe. It is in this fcontext that the 
concept of 'air horsepower* will be employed to make such direct comparisons. Air horsepower 
is the theoretical power required to move i r requirod amount of air atgainst a given pressure drop 
af^K^^'lotal efiSdency'axid.caii'be considered the minimum power requiined'td move the air 
throiigh the given pressure drop. This concept allows us to compare fills; of ciiffererit thermal & 
pressure loss characteristics directly. This is useful since a given design may have k low KaV/L 
value requiring high air volume but also a correspondingly low-pressure loss* By using the 
concept of air horsepower for each design, and recognizing that thb one-third root of the ratio of 
these calculated power values yield tower capability, we can easily see the totel affect of heat 
transfer and pressure drop for each feature evaluated: See Appendix 2 fork sample calculation 
showing details of the methodology. 



The Test Rig 

m 

The fills were tested in Brentwood Industries twin counterflow test cells located in our Reading, 
Pennsylvania (USA) facility. The detailed description and drawing of the facility can be found in 
Appendix 1. To summarize: each test cell has an internal dimension of 24" x 24" (610mm x 610mm) 
m plan and can fit up to 5' (1 525mm) of fill. Heat is supplied by a controlled hot water source of4 , 
constant temperature. Water is sprayed onto the fill using a full cone square patterned sprayerWith ' 
water flow measured by magnetic flowmeters. Air is measured by aver#ifotot tules, fill 
pressure lass is measured by upstream and downstream static 'W^Wkm^s are 
measured with .platinum RTD's. AH measurements are coUected^^^^fe&dware on a 
10-second cycle and displayed and analyzed using in-house deMf^Ht """*' """ 
balance ratio (HBR) is calculated using the measured exit air ta$0$BkmB&mmm points 
arethrownoutif1heHBR , sdonotfaUwimui98%tol02%. ' 



Test Protocol 



In all tests 4' (1220mm) of fill was investigated. The fill was placed in th] 
feshion to provide the best possible distribution of water. The testis *ori|L 
waterflow from the low waterloading (q/a) setpoint and the airflow is allow™ 
ft/min <1 ;5 m/s) to 700 fl/min (3,5 m/s) in steps of 200 ft/min (* m/s). Date ; ^L_ 
mirimum of 15 minutes at 10-second intervals when the temperatures reach sleaWllfewd the heat 
balance ratios consistently read between 98% to 102%. The water loading is then adjusted to the 
next setpomt and the process is repeated. Three air velocity and three water set points, 3.5 gpm/ft 2 , 6 
<£ S {8.5 m/hr/m , 15 & 20) are used to develop the full set of curves; Characteristic curves and 
pressure drop plots are created from the resulting data. The KaV/L analysis used is the standard CTI 
!^S 8y J nCluding Tc ^bycheff integration and fit to the equation KaV/L = 

MJAr) . The pressure drop data is fit to the standard form of DP = C0velp 1 -tqa(C2Vel C3 ). 

Features Evaluated 

Microstructure 

M^sti*ctare is the term we use to describe the designed-in small-scale deformations on the sheet's 
surface that pro vides both thermal and structural advantages to the finished packs. Structurally the 
times are staffer with added microstructure. Thermally, it provides the following important functions: 

1. Remixes the water fihn to refresh the air-water mterface. 

• Thfe hekt^ansfer process occurs at the air-water interface, the exact boundary between the 
surface of th| water film and the laminar sublayer of the air directly adjacent to it This layer 
reaches eqiiihbnum quickly and the microstructure tends to remix the relatively thick water 
Mm thereby renewing the interface. 

2. Enhances wetting (surface, utilization). . 

• ^crostructore tends to disperse toe water film laterally (90° left and right from the flow 

n n^oftf 016 *f aC . e ' 7116 * oal » to ^ &e heat **** surface area 
(HI>A) wetted (100% surface utilization). 

3. Increases the HTSA of the pack. 

• typical rounded microstructure can increase HTSA by up to 3%. 



Three different designs were investigated and compared to a pack without microstructure (smooth). 
Step microstructure is found in many cross-fluted designs and tends to increase KaV/L value at the 
expense of developing high airside flow resistance. Rounded microstructure is found in most early 
designs and performs its intended function without the increase in airside pressure drop. Standard 
microstructure is the design currently used in CF-1900. The microstructure geometry can be 
visualized in figure 7 below. 
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Fijgtire 7. Step aiid Rounded Mtcrostructure 



^ ^structure tests are shown in figures 24 through 27. The step 
^P^^^^^^^^f to increase the KaV/L value of the fill, but the resistance to airflow is 
Mei|^ This is most likely due to the increase of surface roughness since the step 

. in^ostriicto pressure losses are higher than the other rdcrostmctutres studied, at high 
waterioadings and dry. 



The 'afiect of the microstructure fells off as the water rate increases. This is caused by the thicker 
w^r plm generating ripples, as though Mcrostractare was present Also; the hij^ier water rates 
promote more complete wetting of the fill's stirface, Figiite 27 shows die tested result that the ; 
^5tekdard imfrostnicture and step microstructure improves fill performance? at the lower water y 
rates but at the higher rates the step microstructure lowers fill performance due the marked rise in 
pressure drop. In fact, the step microstructure performs worse than the non-microstructure pack 
at\*^CTloadings above 7.5 gpm/ft 2 . 



There are three ft 
cooling towefs: 
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flute Type 

ental types of flute geometry in use today in the design of film fills for 

1 . Cross-flute (CF) designs (Figure 8) 

2. Ofiset-flute (OF) designs (Figure 9) 

3. Veru*caI-fluie<MF)^ign|^ ; 



Cross-flute designs have a long history in iher^olihg ^Wer in^ket. Jhese designs are noted for 
their high efficiency and moderate pressure i<^'0d^riai^;]b^^iw use in cooling towers since the 
early 1960's. Early packs include Munters*Cfe^ CF-1200 and 

CF-1900 and Marley's MC-67. , . , '§ \ : T'"" " 



? ;~ 
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Offset tube designs were developed later; andfare^ Instep of mixing points 

developed by the crossing of alternate flutes, ; &e r mixing occyrs by #e" Vertical offset flutes that 



split and rejoin the air and water streams. Oflset-flute designs include Hamon's ANCS 
(CoolFilm) and Balcke-Durrs's FB-20. 



Verfccal-flute designs are a more recent development in response to issue of fouling. By virtue 
the vertically oriented flutes, water film velocity is increased, maximizing shear stress in the 
water film, which reduces biofilm attachment Vertical-fluted designs include Brentwood's VF 
5000, VF-3800, VF-19Plus and Hamon's AFNCS (CleanFlow) and Balke Durr'sFG-18. 



of 



The results of the flute type tests are shown in figures 28 through J^It 
oflset-flute and cross-flute designs have the highest efEdencies, Jill 
shovsing a slightly better eflSciency at the lower water rates, TbiMi 
developed pressure drop for this design. EEgh efficiency vertical^ 
below the efficiencies of the cross-flute and oflset-flute designs by 
number of mixing points. This tends to reduce the airside mixing, 
keeping the heat transfer characteristic low. However, the newer hl_ 
come very close to the CF & OF counterparts via technically advanced 
important to note that both VF & OF designs are benefited by the additio 
layer of CF fill to compensate for a imperfect water distribution system, d 
system failures. 



b&seen tiat the 
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Figure 8. Cross-flute design 



Figure 9. Ofifcet^flute design Figure 1 6. Vertical-flute design 
Flute Angle 



Currently available cross-flute designs have flute angles of nominally 30° to the direction of 
airflow (See figure 1 1 below). CF-190Q & CF-19060 are nominally 31.0° and 30.0° respectively. 




^\ ^ J ^^^^^ ~Y\ *v ^ % ^ < 
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Figure 11 
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Packs with 30°, 31° and 34° flute angles were produced and tested The results are shown in 
figures 32 through 35. The consequence of the flute angle variation is that the 30° & 34° packs 
were created without the normal honeycomb arrangement on one side only (See figure 12 
below). ", v. v : , : s . . . J. - 



"-.V, 




if poHeycomb tips (top) & non-hoheycomb tips (bottom); > 



■ * * * 



4 , , was installed nip in the test ng to minimize drajnag 

If pressure loss. The results of the testing indicate that the 34° flute angle v ; -7Q 
mcrej^epfie KaV/L value of the packing at the expense of increased pressure fos&TThe 
J^SSS^ffiSSiS P^uce a fill with lower overall performance than the current designjjf ; 
jljKWi |^ pack: had a virtually identical characteristic curve to tih^Kpfe|^y& 
' ^S^J^^k!^^..!? 88 was slightly higher. This unexpected result may fee *<^^^^4ton^ 
_ f ,h^g^Sip"i^i^, yi*^ when coupled with the honeycombed surface of ^§|p|^|;iap^^ 
cr^es jhi^^r mt^rpack transition losses. In any case the results radicate that ^e!ppj^um ; Wgjei 
in ml'irange of 3(£. to 34° is closer to the typical 30° to 31°. • ■ : 



Alternate Tips 



■ Jiff. V s • 



Naturallp^hes^d^ from draining efliciently from dense"*c^ll^^i^L 

esp^iaU||t\Mghe^ water I6a^ For fills of narrow pitch (Le, 12mm orle^i^^pi?noK 
honeyc^^e^mfecancause bridging, an effect that closes off entire flul^^i^nf Jack 
pressur^^pss exponenfaally^ Alternate tips prevent this by extending the dis&i^^ 



19mmJ@^i^^§^^^ alternate tips were tested 

meastoecffi® discreet water loadings. Tlie results 

It mc^ of bps m 19mm packs are c 

pressi^^^^^i^Minore, Sut the flutes are open enough at 





19118 



the' benefits... 




high velocity region for no tip (NTQ dfesi^ 



interesting *~ — ^ a — -»«w«a«*«*«*sifctfir 



are smnfe whi0h:^ndicates tiie pressure loss is solely due to the influence of ureliainm^watei 

film '^W^mtlxr •«Tr • • •:• •; * • 7 • . riiSWfW" 
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Module Depth 

» ■ 

Cross-fluted fills are MgMy efficient because of their ability 
water films downward flow. Alternating the fill at each layer capitalizes qj 
complete fill surface Wetting in as little as two layers, even under poor di< 



'^ tiiere k an economic advantage in designing a fill section with pi 
aimei^wi|;p^afipn"pWj^vity is increased and the initial product cost caff 
there is d^^iw^^ pesiialty. 



/^I^ISiK^: 3 ^ 1 ' modules in a 48* deep fill section were tested with rSuftsl^ented 
m ^^SISPK 4 ^^^ Pressure losses of both configurations are virMlylSil^butthe 





on water loading. Since PVC 

«r^%^ ) ^^^^^--/. aie hydrophobic (resist wetting), the effect of the poor surfacelttulzatim 
^?^P^?otm^ ^the 16w water loadings (incomplete wetting). At higher MMWMiffW 
effect is almost non-existent (at 8 gpm/ft 2 the difference between the configurations &f:5%) 1 1 
mustbe emab^iW tfetf this effect will be amplified if the water distribution system is 

" sectiom wiU help mitigate this trend. 




ix. ■ 
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1 ' (300ifim) module depth 
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Figure 15. 2' (600mm) module depth 
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Materials of Construction & Affect of Aging 



P VC is the workhorse material of film fill, with its high strength, resistance to harsh chemicals 
and flame retardency its greatest virtues. With special compounding PVC can be formulated to 
withstand continuous operating, temperatures of up to 150°F (65 °C). 



Polypropylene (PP) is Mother viable polymer for use in film fill, since its processability is good 
and its tem]|ei^ can reach to 180°F (82°C) . Unfortunately, it has two serious 

drawbacks|fl^^^^^jf and poor wetting characteristics. Fire resistance can be increased 
through the^^^^^^^^esi Wetting can be improved only with age (time spent in service). Fire 
resistanpg^^^^^^^gt by the addition of antimony salts, which can have negative 
environ^^^^^^^^^es.. Wetting can be improved with time, but at low water rates it may 
never 




surface of any polymer is by nature hydrophobic, that is water tends 
jtping a smooth and uniform water film. With inadequate water film 
Wp$ performance of the fill will not be achieved and performance will 
fill's surface becomes less hydrophobic and over time the surface 
ffpitibhed (aged) allowing water to form a thin film. In out tests aging. was 



,^ # ^^^ii^duciiig a concentrated detergent solution (trisodium phosphate) into the 
- L *^ L ^ waters We estimate that one week in the aging facility is equivalent to about four 



weeks of use in an actual cooling tower. 



.--'J 2 



Newly m^u^tured packs and pacte 

performance determihedL The most striking evidence of a poorly aged pack is tfee staggered 
arrangement of the characteristic curve as a function of waterloading (figure 44).- Hie lack of a 
conditioned surface arid poor wetting is amplified at low \yaterloadings (especially at less than 5 
4 gpm/ft^). These water loadings are typical for nateal draft towejfs and for ioweK dejsigbi^ for 
high energy evaluations (low approach). At higher waterloadings where the water film is thicker; 
the afifect of aging is less pronounced. . . ; . : ? . : „ 




Figure 16. Un-aged PVC fill surface. Note 
water droplets on surface. At low water 
loadings, incomplete wetting occurs 
lowering fill performance. 




Figure 17. Fully aged PVC fill surface. 
Water is spread uniformly on surface, 
achieving 100% surface utilization. 
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Figure 45 shows the same packs after one week of conditioning. The characteristic curves have 
all pulled together showing nearly complete wetting. The results indicate the obvious necessity 
of a fully aged fill section before certification and/or performance tests are conducted This is 
especially so when low approach towers are designed with the commensurate low waterloadings. 

■ > 

Polypropylene has a more "waxy" surface and is very difficult to age. After three weeks in the' 
aging facility the low waterloading characteristic curve is still not fully developed (compare 
figures 50 & 5 1). The low waterloading curve of the three week-aged fill hasn't reached full 




full performance potential for 2-3 times that of PVC (this could trarislat^^^&s in service) 
and may never at the lower water rates. Towers with polypropylene fiUs^^^^fcterloadings 
cannot be expected to perform to their design levels for periods of 3 mffliW^M^i er initial 
operation. 
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Appendix 1 
Brentwood Industries Twin Test Cell 



Brentwood's twin test cell allows fill 
^valuations to be performed side-by-side, in 
real time. The test sections are made of clear 
high-strength polycarbonate material that 
allows direct observation of the fill under 
test, the spmM^^.of the nozzle and the 
mteractiori a 



Air-side&i 




nfrifugal fens (one 
|||ld00-^>m^m/s) 
, ^pressure of 2-in. wg. 
d can be varied with 
^^Jabib frequency drives. 



11m 

^^^gpp^eiiured by a multi-port, 
aver%i^pitot t?xb0 in a veni section of 
the air iiitoke (one per cell). The pitot tube 
differential pressure^ sensed by draft-range 
pressure transducers located remotely on the 
control panel. Inlet and exit air wet & diy 
bulb temperatures are measured with 

i 

precision platinum, 3-^ir^ RTD's calibrated 

to mercuty-mrgla3S ^Jfee^piiaeters whose 

calibrations are traceable to NIST. 

Fill pressure-drop is measured;using paired^ 

static 'IT taps, one at the spray nozzle \ ^ 

elevation above the fill qnd^oei diiecdy^. 

below the fin in ea^ <yfc 

tubing to predion, dfiffc^ ; 

transduces. 7 ■■ 




Figure 18. Twin test cell. 



Water-side: 

Water is circulated by a centrifugal pump capable of supplying each cell with 40 gpm (9m 3 /hr). 
The pump is controlled by a variable fiequency driven which allows a continuously adjustable 
flow rate to provide fill specific waterloadings of 2 gpm/ft 2 to 12 gpm/ff 2 (5m 3 /hr-m 2 to 30 
m/hr-m). 

Waterflow is measured by two calibrated magnetic flow meters in the hot water lines. 

A 13. million BTU/hr (350 kW) hot-water generator supplies the heat load Water is circulated 
through a heat exchanger to isolate the heater water from the cooling tower water. Hot water 
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temperature is maintained at a constant value during testing with a microprocessor-based PID 
controller that operates a three-way mixing valve. 



Water is delivered to the fill by specially designed nozzles to provide a full solid cone, 
square spray pattern at 9" (230mm) above the fill. 



* J: 



Fill Test Section: 



■J » 



Iteqwer can accommodate up to 5 ft (1525mm) of fill. The spray nS^^^peHed to a 
motorized trolley that allows for accurate focus of the nozzle spray, qfe^^^^^i spray 
an^gements, while the tower is in operation- 



"■ '•V •. ■ 
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Brentwood's Twin Test Tower 
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Plan View 




6" (200 mm) 



5 , (1525enm) 



ff-0" (2440mm) Airflow Metwnng 
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ffflW0mn)Orar 
TestSetikn " 

CeO Geometry: 

Available Hfc 511 (1.525m) 
Test Plan Area: 4 ft2 (.372 m2) 
Cell Length: 24 in. (610mm) 
Cefl Width: 24 in. (61 Omni) 

Test Parameters: 

Air Side: 

300ft/mJnto1000fi/rnin 
(t.5 m/s to 5 m/s) 
Wafer Side: 
2 gpm/lt2 to 10 gpm/ft2 
(5 mm to 25 mm) . 



Elevation 



Figure 19. Sketch of test cell showing principal dimensions. 
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Appendix 2 

Sample Air-Horsepower Calcnlafion 

- ? V Comparison of 1' modules vs. 2* modules 

> * . ■ ^^^^^^^^^^^^^^^^^^^^^^ 

' Gtaracteristic curve equation for 1 * module of CF-1900 (4' fill height total): 



-0.736 



*" KaV/L = 2.055(L/G) 

Ci**^^ 2* modules of CF-1900 (4* fill height total): 



^Usingthe^ 
^temperature! 




-0.628 



KaV/L=1.840(L/G) 



are for tie condition of 104/84/78 (hot water temperature/cold water 
^ *"") yields a design L/C? of 1.016 for the 1 ' modules and an L/G of 0.937 
Ook Demand Curve sheets below). 



^3^3 



Figure 20. 1 * module L/G calculation. 



Figure 2 1 . 2- module L/G calculation. 



The calculation is based on 1ft 2 of tower plan area. At 3.5 gpm/ft 2 we have 3.5 gal/min flowing into this 
"tower". Knowing "L" we can calculate "G" since G= L/(L/G). "L" is mass/unit time and in English units 
equals 3.5 gal/min x 828 Ib/gal or 28.98 Ib/min. TTius G = 28.98/1.016 = 28.52 lb dry air/min. 
Calculating the exit air temperature using the exact heat balance yields 9$.6°F. l^oWing the inlet and 
outlet air temperatures, we can calculate the average specific volume of the air as it passes through the fill 
and then the average air velocity. 



Using the Psychrometrics tab of the BlueBook software to calculate specific volume we get: 
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e;22. Inlet conditions: 142595 ftTlb dry air. 



Figure 23. Exit condmWweWj4l7887 ftTlb dry air. 



^ , v< ; **. ? specific volume to calculate the average air Velocity through the fill (needed ^pressure 



= (14.2595+14.7887)/2 = 14. 



an* 



^^locrty = Ib/mifi diy air x average specific Vdlumd 



=28.52 x 14.5241 = 414 ft/min 



at 414 ft/min is 0206 in. wg. 



■^V^ll^W'^ 1 ^- r ..' : /' "• / 



r is to be calculated at the exit air volume: 



=414ft r mhix 14.7887 ftVlb/143241 ftVlb = 421.5 ft/mi 



Air horsepower per 1000 ft 2 of tower plan area (using equation 2 32 from ref. 5): 

- 421 .5 ft/min x 0.206 iu.wg76356 x 1000ft 2 = 13.7 airhp/lOOOfl 2 
Similarly we calculate the air horsepower of the 2* modules: 
Air horsepower per 1000 ft 2 of tower plan area: 

= 455.4 ft/min x 0233 in. wg76356 x 1000ft 2 = 16.7 air hp/lOOOft 2 
Capabilhy = cube root of the ratio of the fen hp: 

= (13.7/16.7)^ = 93.6% 

Tbis calculation was carried out for all 3.5, 6 and 8 gpm/ft 2 for all fills investigated in a like manner. The 
o & 8 gpm/fr cases were calculated at 1 08/88/78 and 1 12/92/78, respectively. 
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Appendix 3 - Figures 




Figure 24. 
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Figure 25. 
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Figure 26. 




Effect of Mic restructure on Fill Performance 
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Figure 27. 
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Flute Type Variations 
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Includes Bid Effects 
Brentwood Twin Test Cell 
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Figure 28. 



Rute Type Variations 
Pressure Drop 

4' Fill Heights gpmffi 2 

includes Bid Effects 
Brentwood Twin Test Cell 




Figure 29 
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Figure 30. 




Effect of Flute Type 



105 n% 



100.0% 



95.0% 




Ot I Cross Flute (CF-1 9060AT) 

- 1 » I I I I ' *L \ '■ 



« 90.0% 

o . .. 
Q. 



80.0% 



6 



Waterloading (gpm/ft2) 



8 



Figure 31. 
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Flute Angle Variations 

4' FHI Height 
Includes Bid Effects 
Brentwood Twin Test Cell 
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Figure 32. 
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Flute Angle Variations 

Pressure Drop 

4' Fill Height/6 gpm/ft 2 

Includes Bid Effects 
Brentwood Twin Test Cell 



0.900 



£ 0.800 



r ci-- v 



K 0.700 



@ 0.600 
a> 

S 0.500 

c 1 ; 

a 0.400 

8 

© 0.300 



S 0.200 
fa* 

Q. 

3 0.100 



0.000 




200 



300 



400 500 600 
Air Velocity (fffmin) 



700 



800 



Figure 33. 
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Figure 35. 
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Figure 36. 




Figure 3 7. 
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CF12060AT 

Pressure Drop 
4* fill Height 
Includes Bid Effects 
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Figure 38. 




Figure 39. 



24 




Figure 40. 




Figure 41. 
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Figure 42. 
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Figure 43. 
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Figure 44. 
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Figure 45 
27 



CF19060NT - Unaged PVC 
Pressure Drop 
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Figure 46. 



CF19060NT- Aged PVC 1 Week 
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Figure 47. 
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Figure 49. 
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Figure 51. 
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Figure 53. 
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